Mammalian gastrointestinal tract harbors a vast and complex microbial community that plays fundamental roles in many essential processes, such as energy harvest, carbohydrate metabolism and immune development[@b1]. The microbiome in human gastrointestinal tract is estimated to contain more than 9 million unique genes[@b2]. This number is approximately 300 times larger than the human gene complement. Therefore, the taxonomic diversity of the microbiota in the gastrointestinal tract is tremendous and may provide numerous biological activities that the host lacks[@b3]. Recent years, there have been many studies focusing on the investigation of the relationship of gut microbiota with human and mouse obesity. For examples, Backhed *et al.*[@b4] first reported that the gut microbiota could modulate lipid metabolism by regulating gene expression. They showed that the suppression of *Fiaf* gene is essential for the microbiota-induced deposition of lipid. Turnbaugh *et al.*[@b5] reported that the microbiome of obese mice has an increased capacity to harvest energy by influencing the efficiency of calorie harvest from the diet compared to that of lean mice. Turnbaugh *et al.*[@b6] further showed that the human obesity is associated with phylum-level changes in gut microbiota with reduction in bacterial diversity, and 75% of the obesity-enriched genes are from *Actinobacteria* phylum, while 42% of the lean-enriched genes are from *Bacteroidetes*. Fei *et al.*[@b7] reported that the endotoxin-producing *Enterobacter* shows the obesity-inducing capacity that may causatively contribute to the development of obesity in its host. Duca *et al.*[@b8] indicated that susceptibility to obesity is characterized by an unfavorable microbiome predisposing the host to peripheral and central inflammation, promoting weight gain and adiposity during obesogenic feeding.

Since the similarity of the swine and human in metabolism and physiology[@b9], swine has become an important animal model for studying the relationship of gut microbiota with obesity. To date, there have been several studies to investigate the relationship of gut microbiota with fatness in pigs. Wall *et al.*[@b10] uncovered that metabolic activity of porcine enteric microbiota affects the fatty acid composition of adipose and liver. Guo *et al.*[@b11] showed that obese pigs had a fewer percentage of *Bacteroidetes* division than lean pigs. Further, Guo *et al.*[@b12] suggested that body fat is related to the ratio of *Bacteroidetes* division of gut microbiota in the Meishan and Landrace pigs. Luo *et al.*[@b13] revealed that lean breed Landrace pigs have a greater diversity and higher numbers of fecal methanogens than obese breed Erhualian pigs. Kim *et al.*[@b14] published the longitudinal investigation of pig gastrointestinal microbiome. The study reported by Looft *et al.*[@b15] also investigated the microbiota composition and functional capacity of porcine ileum, cecum and mid-colon. But to our knowledge, there are few studies about microbial community structure and functional capacity of microbiome in other sections of small intestine of pigs, such as jejunum. Gut microbiota involves in energy harvest and carbohydrate metabolism[@b1]. Recent studies have shown that gut microbiota has an important impact on the efficiency of nutrient uptake and energy utilization[@b16]. We suggest that gut microbial community structure and metagenome have essential effects on porcine production traits, such as fat deposition. However, there have been few studies about that. It is of great importance to uncover the distinct microbiota and functional capacity of microbiome related to fat deposition in pigs.

In this study, we aimed to use 16S rRNA gene sequencing and high-throughput metagenomic sequencing approach to elucidate the microbial community structure and potential functional capacity of metagenomics in the jejunum, ileum and cecum in a Chinese indigenous pig breed of Laiwu, which exhibits the characteristics of the strong ability of fat deposition. We compared the microbial composition and potential functional capacity of microbiomes among three gut locations and evaluated the effect of gut microbiota on porcine fat deposition.

Results
=======

Significant difference of phylogenetic compositions among three gut locations of pigs
-------------------------------------------------------------------------------------

To characterize the phylogenetic composition of bacterial communities in different gut locations, we firstly performed the 16S rRNA gene sequencing analysis and compared the alpha-diversity of microbiota among jejunum, ileum and cecum. The cecum had a significantly higher Shannon index (taking into account the number of species and the evenness of the species) than the jejunum and ileum (*P* \< 0.05, [Fig. 1A](#f1){ref-type="fig"}). However, the similar alpha-diversity was observed between jejunum and ileum.

We then explored the variation of phylogenetic diversity among all tested samples. Except the sample LwIlLe.5 that was clustered into the samples from the cecum, all other samples showed distinct clustering between small intestine (jejunum and ileum) and cecum in unweighted principal coordinate analysis (PCoA) ([Fig. 1B](#f1){ref-type="fig"}). Similarly, although the phylogenetic composition of the LwCeOb.4 from the cecum was similar to that of the samples from the ileum, and the sample LwIlLe.5 from the ileum showed similarity with the cecum samples, most of samples showed distinct phylogenetic composition between small intestine and cecum in Bray Curtis cluster analysis ([Fig. 1C](#f1){ref-type="fig"}). Different beta-diversity of the above two samples should be due to the states of fatness (see below). However, we did not observe the distinct clustering between samples from the jejunum and ileum.

Furthermore, we focused on the taxonomic distribution of the numerically abundant bacteria derived from the 16S rRNA gene sequences in each gut location. At the phylum level, *Firmicutes* was the highest enriched phylotype in the jejunum and ileum, which accounted for 60.0% and 65.8% of relative abundance, respectively, followed by *Proteobacteria*, which occupied 29.4% and 20.3% of abundance ([Fig. 2A](#f2){ref-type="fig"}). However, in the cecum, *Firmicutes* and *Bacteroidetes* were the two predominant phyla, which showed 51.7% and 37.6% of relative abundance, respectively. In addition, we also noticed *Spirochaetes*, which occupied 2.7% of microbiota composition in the cecum and had a significantly higher relative abundance than that in the small intestine ([Fig. 2A](#f2){ref-type="fig"}). At the genus level, *Clostridium, SMB53* and *Escherichia* were the top three genera in the small intestine, while *Prevotella*, *Escherichia* and *Lactobacillus* were the most abundant genera in the cecum ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}). We further performed Kruskal-Wallis test to compare the relative abundance of bacterial genera among three gut locations. We identified 18 genera showing significant differences of relative abundances, including two genera having different abundance among three locations and 16 genera between small intestine and cecum ([Fig. 2B](#f2){ref-type="fig"} and [Supplementary Table S1](#S1){ref-type="supplementary-material"}). Only *Clostridium* and *SMB53* were significantly enriched in the jejunum and ileum (*P* \< 0.05). *Clostridium* showed a 14.66% and 27.14% of relative abundance in the jejunum and ileum, respectively. And the *SMB53* had 36.70% and 14.54% of relative abundance, while none of them showed the relative abundance above 3.0% in the cecum ([Fig. 2B](#f2){ref-type="fig"} and [Supplementary Table S1](#S1){ref-type="supplementary-material"}). The other 16 genera were significantly enriched in the cecum, including *Prevotella*, *Ruminococcus*, *Treponema* and *Blautia.*

Metagenomic sequencing data was also used to compare the microbial community structure among jejunum, ileum and cecum. Total 6 luminal DNA pools from three gut locations of Laiwu pigs were used to construct libraries for metagenomic sequencing. Each location provided two DNA pools including one pool from pigs with high fatness and the other from pigs with low fatness (methods). We obtained an average of 11.43 Gb of raw data for each DNA pool, ranging from 9.22 Gb to 14.29 Gb ([Table 1](#t1){ref-type="table"}). After filtering the low quality reads and the host pollution, we obtained 3.53 Gb to 5.01 Gb of clean data for each sample. We performed *de novo* assembly for all short sequence data using SOAPdenovo assembler (Version 1.06)[@b17]. The contig numbers of six DNA pool samples ranged from 40,420 to 139,978 with the contig length \>500 bp ([Table 1](#t1){ref-type="table"}). MetaGeneMark (MGM) program was used to predict open reading frame (ORF) of each contig (see Methods). The six samples contained a total of 1,056,020 ORFs that were longer than 100 bp ([Table 1](#t1){ref-type="table"}).

We then compared the microbial community structure among three gut locations based on metagenomic sequencing data. The microbiota of all three gut locations was dominated by bacteria kingdom, which occupied more than 90% of total short read sequences. The microbial composition was quite similar to that in 16S rRNA gene sequencing analysis at the phylum level ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}). Metagenomic sequencing analysis improved the phylotype resolution from genus level to the species level. At the significant threshold of *P* \< 0.05 and *q* \< 0.2, we identified a total of 21 bacterial species showing different enrichments among three gut locations. Among them, eight species were only enriched in the cecum, five species showed the higher abundance in the jejunum and ileum, and the other eight species were successively reduced their relative abundances from anterior to posterior ([Fig. 3A](#f3){ref-type="fig"} and [Supplementary Table S2](#S1){ref-type="supplementary-material"}). We further observed that 12 out of the 13 species that had higher abundances in the jejunum and ileum belong to *Clostridium,* while the bacterial species enriched in the cecum have been reported to associate with fibre fermentation and butyrate-producing, such as *Ruminococcus spp*.[@b18], *Faecalibacterium prausnitzii*[@b19] and *Butyrivibrio fibrisolvens*[@b20] ([Fig. 3A](#f3){ref-type="fig"} and [Supplementary Table S2](#S1){ref-type="supplementary-material"}).

Comparison of functional capacity of gut microbiome between small intestine and cecum
-------------------------------------------------------------------------------------

To compare the potential functional capacity of microbiome among three gut locations, we blasted the predicted ORFs against CAZy[@b21] and KEGG[@b22] database. Overall, about 1.1% \~ 2.5% of genes could be classified into CAZy database, and about 25.8% \~ 41.6% of genes were assigned to KEGG pathways. ANOVA test was then used to compare the potential functional capacity of gut microbiome among three intestinal locations. We identified a total of 29 CAZy families that showed significantly different enrichments in different intestinal locations (*P* \< 0.05, [Fig. 3B](#f3){ref-type="fig"}). Twenty-one out of these 29 CAZy families were significantly enriched in the cecum ([Supplementary Table S3](#S1){ref-type="supplementary-material"}), including esterase families CE6 (acetyl xylan esterase), CE7 (acetyl xylan esterase) and CE12 (pectin acetylesterase) that are associated with xylan, pectin and hemicellulose degradation. GH43, GH51 and GH28 that belong to glycoside hydrolases families were showed successive increase of relative abundance from anterior to posterior. However, GT25, GT26 and CBM12 which play important roles in catalyzing utilization of monosaccharide and assembly of glycoconjugates and complex carbohydartes[@b23] were significantly enriched in the small intestine. Furthermore, we identified 22 KEGG pathways that showed different enrichments in different intestinal locations ([Fig. 3C](#f3){ref-type="fig"} and [Supplementary Table S4](#S1){ref-type="supplementary-material"}). Eight out of these 22 KEGG pathways were significantly enriched in the small intestine, including butanoate metatbolism, phosphotransferase system (PTS), fatty acid metabolism, phosphatidylinositol signaling system, glycerolipid metabolism and tetracycline biosynthesis ([Supplementary Table S4](#S1){ref-type="supplementary-material"}). Most of genes that were assigned to the above functional categories were derived from the genus *Clostridium*. For example, 47.6% and 44.9% genes assigned to PTS pathway were derived from *Clostridium* in the jejunum and ileum, respectively. However, cyanoamino acid metabolism, vitamin B6 metabolism, lipid biosynthesis proteins, N-Glycan biosynthesis and the other 10 subsystems were significantly enriched in the cecum ([Supplementary Table S4](#S1){ref-type="supplementary-material"}).

Comparison of microbial community structure between pigs with distinct fatness in different intestinal locations
----------------------------------------------------------------------------------------------------------------

Because the gut luminal samples for 16S rRNA gene and metagenomic sequencing were collected from pigs with distinct backfat thickness, we could evaluate the microbial species potentially related to porcine fat deposition. We firstly performed PCA analysis at the phylum level with 16S rRNA gene sequencing data. Only the samples from the cecum showed significant differences of microbial structures between high and low fatness pigs ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). We further compared the relative abundance of each microbe between high and low fatness pigs. Compared to the high fatness pigs, the pigs with low fatness had a significantly higher abundance of Bacteroidetes, but a lower abundance of *Firmicutes* in the cecum (*P* \< 0.05). Although we did not identify any bacterial phylum that showed significantly different abundance between high and low fatness pigs in the small intestine, *Bacteroidetes* and *Firmicutes* showed a tendency that had different abundance between high and low fatness pigs ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}). At the genus level, we only identified *YRC22* (0.61 ± 0.22 *vs.* 0.10 ± 0.12), *Prevotella* (28.87 ± 11.83 *vs.* 9.22 ± 3.05) and *Paludibacter* (0.61 ± 0.37 *vs.* 0.05 ± 0.04) that showed the higher abundances in the cecum of the low fatness pigs (*P* \< 0.05, *q* \< 0.2), while none such microbes were identified in the jejunum and ileum.

Subsequently, based on the metagenomic sequencing data, we identified 8, 19 and 15 bacterial species that showed significant differences of relative abundances between high and low fatness pigs in the jejunum, ileum and cecum, respectively ([Supplementary Table S5](#S1){ref-type="supplementary-material"}). In the jejunum, *Clostridium phytofermentans, Lactobacillus johnsonii* and *Escherichia fergusonii* were enriched in the pigs with high fatness, while succinic-producing bacteria (*Actinobacillus succinogenes* and *Mannheimia succiniciproducens*) and butyrate-producing bacteria (*Cellulosilyticum lentocellum*)[@b24] had more abundance in the low fatness pigs. In the ileum, high fatness pigs had the significant enrichments for the opportunistic pathogens of *Escherichia coli* (16.96 *vs.* 4.64), *Clostridium difficile* (16.02 *vs.* 6.07) and *Clostridium sordellii* (15.29 *vs.* 5.68). However, three *Prevotella* species, seven *Bacteroides* species, *Actinobacillus succinogenes* and *Cellulosilyticum lentocellum* were significantly enriched in the low fatness pigs. In the cecum, *Escherichia coli* (2.76 *vs.* 0.72)*, Roseburia hominis* (1.75 *vs.* 0.73), *Roseburia intestinalis* (3.22 *vs.* 1.24) and *Oscillibacter valericigenes* (6.62 *vs.* 1.38) were significantly enriched in high fatness pigs, while the low fatness pigs were enriched for *Prevotella ruminicola*, *Treponema succinifaciens* and five *Bacteroides* species ([Supplementary Table S5](#S1){ref-type="supplementary-material"}).

Comparative functional capacity of gut microbiomes between high and low fatness pigs
------------------------------------------------------------------------------------

We then compared the functional capacity of gut microbiome between high and low fatness pigs through functional annotation of metagenome with the CAZy and KEGG database. In the jejunum, a total of 13 CAZy subsystems showed significant difference of relative abundance between low and high fatness pigs. The high fatness pigs had significant enrichments for the subsystems related to starch and lactose degradation, such as GH13, CBM26 and CBM32 ([Fig. 4A](#f4){ref-type="fig"}), while the low fatness pigs were significantly enriched for nine CAZy subsystems including GH24 and GH23 related to lysozyme, and GH19 and CBM5 that are associated with chitinase degradation. In the ileum, five CAZy subsystems were significantly enriched in the high fatness pigs, including CBM50, GH23, GH94, CBM5 and GH19 that are related to the cleaving of chitin and peptidoglycan, while CBM32, CBM37, GH20, GH29, GH92 and GH95 showed higher relative abundances in the low fatness pigs ([Fig. 4B](#f4){ref-type="fig"}). In the cecum, seven CAZy subsystems showed significant differences of relative abundances between high and low fatness pigs. The subsystems significantly enriched in the low fatness pigs were similar to that in the ileum (including CBM32, GH20, GH92 and GH95; [Fig. 4C](#f4){ref-type="fig"}), while the high fatness pigs had significant enrichments of GH1, CMB34 and GT8 (involved in lipopolysaccharide biosynthesis[@b25]).

KEGG annotation was used to further compare the functional capacity of gut microbiome between low and high fatness pigs. In the jejunum, genes related to pyruvate metabolism, propanoate metabolism, and cysteine and methionine metabolism were significantly enriched in the metagenome of high fatness pigs ([Fig. 4D](#f4){ref-type="fig"}). However, genes associated with pyrimidine metabolism, secretion system and folate biosynthesis had more abundance in the low fatness pigs. In the ileum, genes related to glycan degradation, pyrimidine metabolism, glycosaminoglycan degradation and glycosphingolipid biosynthesis had the higher abundance in the low fatness pigs ([Fig. 4E](#f4){ref-type="fig"}), while antigen processing and presentation, influenza A, MAPK signaling pathway and endocrtosis were significantly enriched in the high fatness pigs. In the cecum, adipocytokine signaling pathway, cellular antigen, and protein digestion and absorption showed higher enrichments in the low fatness pigs. However, two-component system, benzoate degradation and bacterial chemotaxis were significantly enriched in the metagenomes of high fatness pigs ([Fig. 4F](#f4){ref-type="fig"}).

Discussion
==========

There have been several studies about the gut microbial composition of pigs based on 16S rRNA gene sequencing[@b26][@b27][@b28]. To our knowledge, there are few reports about pig metagenomic sequencing analysis that can evaluate the microbial community structure at species level in different gut locations. In this study, we compared microbial community structure in three gut locations, characterized the functional capacity of the swine microbiome from anterior to posterior, and investigated the potential relationship of gut microbiome with porcine fatness by high-throughput next generation sequencing. To our knowledge, this is the first report about the comprehensive analysis of microbial community structure of porcine jejunum and the evaluation of gut bacterial species related to porcine fatness.

Each gut location is functionally and anatomically diverse. Compositions of microbial community structure throughout the intestinal system should be varied by location. At the phylum level, Isaacson *et al.*[@b29] identified that *Firmicutes* represents more than 95% of the bacteria detected in the ileum, and *Firmicutes* and *Bacteroidetes* occupy greater than 90% of the bacteria detected in the cecum. In this study, *Firmicutes* was the highest enriched phylotype in the ileum, but it only accounted for 65.8% of relative abundance. *Firmicutes* and *Bacteroidetes* were the two predominant phyla in the cecum, which showed 51.7% and 37.6% of relative abundance. Looft *et al.*[@b15] found that differences of bacterial compositions between the ileum and colon were the results of the dominant genera *Anaerobacter* and *Turicibacter* in the ileum, and *Prevotella*, *Oscillibacter* and *Succinivibrio* in the colon. However, in this study, *Clostridium* was the top genus in the ileum and showed significantly different abundance between the ileum and cecum, while *Prevotella* was most abundant and significantly enriched in the cecum ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}). This discrepancy may be due to different breed, age (90 days *vs.* 300 days) and environment factors. We observed the similar microbial community structure between swine jejunum and ileum. Mao *et al.*[@b30] also indicated a similar microbial composition between bovine jejunum and ileum. However, similar to the previous reports in human and swine[@b31][@b32], the microbiomes of jejunum and ileum are less complex than that of cecum ([Fig. 1](#f1){ref-type="fig"}). The numbers of functional genes annotated to KEGG and CAZy subsystems in the metagenomes of jejunum and ileum were also significantly lower than that in cecum.

In the KEGG analysis, phosphotransferase system (PTS) was significantly enriched in the small intestine. PTS is a complex group translocation system presenting in many bacteria. It transports sugars (such as mannose, glucose and mannitol) into the cell and phosphorylates the substrate via phosphotransferase during transport. Corresponding to this result, CAZy functional annotations of the metagenomes also revealed that the microbiome of small intestine tends to metabolize small molecule nutrients, such as monosaccharide. Zoetendal *et al.*[@b32] also suggested that rapid uptake and fermentation of simple carbohydrates (such as glucose and maltose) contribute to maintaining of the microbiota in the small intestine. Most of genes that were assigned to PTS pathway were derived from *Clostridium* in the small intestine. This result was consistent with that 12 species of *Clostridium* were enriched in the jejunum and ileum. It has been known that many Clostridia can digest whey and sugar yielding butanol, propionic acid, ether, and glycerin. Actually, the subsystems of butanoate metabolism and fatty acid metabolism had the higher abundances in the jejunum and ileum ([Fig. 3C](#f3){ref-type="fig"}).

Until now, there are few studies about the effects of gut microbiota on swine production traits. We investigated the potential relationship of porcine gut microbiome with fat deposition. Just like in humans[@b33][@b34][@b35], the high fatness pigs showed a lower abundance of Bacteroidetes and a higher abundance of Firmicutes than pigs with low fatness in the large intestine. *Escherichia* spp. was identified to significantly enrich in the high fatness pigs in all three gut locations ([Supplementary Table S5](#S1){ref-type="supplementary-material"}). The study in the mouse model has shown that lipopolysaccharide endotoxin from *Escherichia* coli could induce obese and insulin-resistant phenotypes[@b36]. The high fatness pigs had the higher abundance of *Clostridium* spp. in both jejunum and ileum. *Clostridium difficile* and *Clostridium* sordellii could lead to infection and inflammation[@b37] that is associated with progression of obesity[@b38]. The previous study also reported that *Clostridium* was significantly increased in the obese mice fed high-fat diet[@b39]. Interestingly, in the KEGG analysis, several subsystems related to inflammation process, such as MAPK signaling pathway, endocytosis and antigen processing were significantly enriched in the ileum of high fatness pigs ([Fig. 4E](#f4){ref-type="fig"}). These findings suggested that the potential pathogens (e.g. *Escherichia* spp.) and the inflammation process are involved in the high fatness of pigs. Many studies in humans and mice have also indicated that obesity is associated with inflammation[@b40][@b41]. Bacterial interactions promote intestinal inflammation which correlates with obesity and insulin resistance in high-fat dieted mice[@b38].

The high fatness pigs had the significantly lower abundance of *Prevotella* spp. and *Bacteroides* spp. in both ileum and cecum. Ivarsson *et al.*[@b42] reported that the abundance of *Bacteroides*--*Prevotella*--*Porphyromonas* in growing pigs was positively correlated with the capacity of fermenting polysaccharides to short-chain fatty acids (SCFAs). The study in mice transplanting human fecal microbiota from twins discordant for obesity revealed that increasing intestinal SCFAs by the lean co-twin's microbiota influenced host energy balance, inhibited the accumulation of fat in adipose tissue and promoted leptin level[@b43]. Furthermore, *Bacteroides*-*Prevotella* showed a negative correlation with fat mass development and inflammation in diet-induced obese mice[@b44].

On the other hand, microbial metabolism and nutrient sensing (metabolic reaction) should be also related to pig fatness. In the jejunum, several metabolism-related subsystems e.g. cysteine and methionine metabolism, were enriched in the high fatness pigs. In the cecum, the KEGG pathways that link to cell motility (flagellar assembly) and membrane transport (two-component system and transporters) were enriched in the high fatness pigs. These KEGG categories were also reported to be mainly enriched in the distal colon microbiome of obesity mouse and human[@b5][@b8][@b45], and the high-fat diet induced murine[@b39]. The two-component system is involved in signal transduction mechanism and bacterial chemotaxis[@b46][@b47], and may be as a metabolic reaction center coupling nutrient sensing to dynamic regulation of monosaccharide metabolism[@b48].

In conclusion, we observed distinct microbial community structure between small intestine and cecum, and identified tens of bacterial species that showed significant differences of relative abundances in each gut location. We found the distinct functional capacity of microbiome between small intestine and cecum. We suggested that the potential pathogens (e.g. *Escherichia* spp.), inflammation process, and microbial metabolism and nutrient sensing are involved in the high fatness of pigs. Furthermore, the higher abundances of *Bacteroides* and *Prevotella* may inhibit the fat mass development and inflammation in the low fatness pigs. These results may provide an interesting insight into the complexity of swine gastrointestinal microbial community and help us better understand the effects of gut microbiota on pig production traits.

Materials and Methods
=====================

Animals and gut luminal sample collection
-----------------------------------------

A total of 330 Laiwu pigs were raised in a fattening house which was comprised of 50 pens, and each pen housed 6 \~ 8 pigs. Pigs were fed two times a day using the corn-soybean feed including 16% of crude protein, 3100 kJ of digestible energy and 0.78% of lysine. Water was available *ad libitum* from nipple drinkers. In addition, swine were supplemented with feed antibiotics (chlortetracycline 50 g per ton, salinomycin 50 g per ton) for improving growth performance. All animals were healthy and did not receive any antibiotic treatment within 2 months before slaughter. All pigs were slaughtered at 300 ± 3 days after fasting and water-free overnight. Eight pigs, which comprised 4 individuals (2 male and 2 female) with the highest backfat thickness (4.25 ± 0.32 cm) and 4 animals (2 male and 2 female) with the lowest backfat thickness (2.52 ± 0.08 cm), were selected for this study. The eight experimental pigs were from different pens and collected the luminal samples at the same site of each gut location. In brief, the entire digestive tract was peeled from the enterocoelia. The luminal contents of jejunum and ileum were separately gathered from the middle part of jejunum and ileum. Cecum luminal samples were collected from the bottom of the cecum. All samples were harvested within 30 min after slaughter. After dipped in liquid nitrogen, the luminal samples were transferred into −80 °C refrigerator until use. All animal work was conducted according to the guidelines for the care and use of experimental animals established by the Ministry of Agriculture of China. The project was also approved by Animal Care and Use Committee (ACUC) in Jiangxi Agricultural University.

Luminal DNA extraction and 16S rRNA gene sequencing analysis
------------------------------------------------------------

The luminal DNA was extracted using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Germany) according to the manufacturer's instructions. The DNA concentration and its quality were measured by Nanodrop-1000 and agarose gel electrophoresis. The fusion primers 515F (5′-GTGCCAGCMGCCGCGGTAA) and 806R (5′-GGACTACHVGGGTWTCTAAT) with dual index were used for amplifying the V4 region of bacterial 16S rRNA gene under the melting temperature of 56 °C with 30 cycles. The sequencing was performed on the Illumina MiSeq platform (Illumina, USA). Because of unsuccessful sequencing for one ileal sample from high backfat thickness pig, the sequencing data from 23 samples were used for further analyses. Paired-end reads were assembled into tags using FLASH (v.1.2.11)[@b49]. Tags were clustered into operational taxonomic units (OTUs) at 97% similarity using USEARCH software (v7.0.1090)[@b50]. Taxonomic assignments for the 16S rRNA gene sequences were performed by using the RDP classifer program (v2.2)[@b51]. Shannon diversity index, Bray-Curtis distant coefficient and unweighted UniFrac were all calculated using QIIME[@b52]. Kruskal-Wallis test[@b53] was used to compare the microbial composition among three intestinal locations. Z-scores were calculated to construct heatmap for showing the relative abundance of the microbes in each sample with the formula Z = (*x* − μ)/σ, where *x* is the relative abundance of microbes in each sample, μ is the mean value of relative abundances of microbes in all samples, and σ is the standard deviation of relative abundances. The comparison of relative abundances of microbes between high and low fatness pigs was performed by Welch's t-test in STAMP software[@b54]. Tukey-Kramer post-hoc test was used for pairwise comparisons to find out which group differs. Benjamini-Hochberg FDR method (q value) was used to correct the multiple comparisons[@b55]. The effected size of each microbe (η^2^) was calculated in the multiple group comparison analysis with STAMP software, the calculation formula was η^2^ = **SS**~between\ treatments~/(**SS**~between\ treatments~ + **S**S~within\ treatments~), where **SS**~between\ treatments~ is the sum of squares among treatments and **SS**~within\ treatments~ is the sum of squares within treatment. All 16S rRNA gene sequencing data were deposited in NCBI's Short Read Archive. The accession numbers are shown in [Supplementary Table S6](#S1){ref-type="supplementary-material"}.

Construction of DNA pools and libraries for metagenomic sequencing
------------------------------------------------------------------

Two DNA pools for each of the jejunum, ileum and cecum were constructed with the same amount of luminal DNA from each animal and provided for metagenomic sequencing, including one DNA pool from 4 high fatness pigs and the other DNA pool from 4 low fatness pigs. DNA libraries for metagenomic sequencing were constructed following the manufacturer's instruction (Illumina, USA). Each DNA pool was constructed a paired-end library with insert size of \~350 base pairs. We used the same protocol as described by Qin *et al.*[@b56] to perform cluster generation and sequencing on a Hiseq 2000 platform (Illumina, USA). The metagenomic sequencing data were deposited in NCBI's Short Read Archive (Accession numbers in the [Supplementary Table S6](#S1){ref-type="supplementary-material"}).

*De novo* assembly of short reads
---------------------------------

We firstly processed the raw data to filter the low quality and host polluted sequences based on the internal procedure: I. The reads containing more than three unknown bases or continuous low-quality bases were removed; II. The adapter and duplication pollutions were trimmed; III. The reads mapped to pig reference genome sequence were removed from further analysis. And then, *de novo* assembly of the high-quality short reads was performed by SOAP *de novo* assembler (v1.06)[@b17]. The continuous sequences with unambiguous connections were considered as contigs.

Gene prediction and functional classification
---------------------------------------------

MetaGeneMark (MGM, v2.10) was applied to predict the whole range of ORFs from the contigs of each sample[@b57]. We used cd-hit software (v4.6.1) to exclude the redundant genes from all the predicted ORFs[@b58]. A pair of genes with aligned length covering greater than 90% of shorter gene and \>95% identity were grouped together. And then, the group sharing genes were merged. The longest gene represented the merged group. The other members of the group were set as redundancy. The non-redundant gene set was constructed by removing the redundancy. Finally, the non-redundant genes were aligned to the protein sequences of KEGG[@b22] (v59) and CAZy[@b21] (carbohydrate-active enzymes) database using BLAST tool (v2.2.21) with e-value ≤ 1 × 10^−5^ and an identity threshold value ≥40%. The annotated genes were assigned into KEGG pathways. To trace back the genes to microbes, the protein sequences of genes were aligned to the released bacterial reference protein database using the blastp tool with e-value ≤ 1 × 10^−40^. The alignment with the highest score was kept for the further analyses.

Phylogenetic composition analysis based on metagenomic sequencing data
----------------------------------------------------------------------

A non-redundant reference gene catalogue of pig microbiota was constructed through downloading the known bacteria, fungi, viruses and archaebacteria sequences. SOAP aligner (v2.21) was used to map the high-quality read sequences into the microbial communities against the reference gene catalogue[@b59]. According to the central limit theorem, the mean values of microbial relative abundances in the tested samples that were sampled from a population obey normal distribution. ANOVA test was used to compare the phylogenetic composition among three gut locations. Fisher's exact test was used for two sample comparison between high and low fatness pigs. The microbes with the ratio of relative abundance \<2 and the difference of relative abundance \<1 between two groups were filtered from differential microbes. Tukey-Kramer *post-hoc* test was used for pairwise comparisons. Story's FDR was used to correct multiple comparisons[@b60]. All tests were performed using STAMP software[@b53].

Comparison of functional capacity of gut microbiomes
----------------------------------------------------

To compare the functional capacity of gut microbiomes, the abundance of the annotated genes was normalized as follows: (the count of reads mapped to each gene/total number of clean reads)\*100000. The relative abundance of each subclass term of the CAZy families and KEGG pathways was calculated by summing the abundance of these genes that were annotated to the functional subsystem. The comparisons of functional capacity profiles between high and low fatness pigs were performed by Fisher's exact test. ANOVA test was used to compare the functional capacity of microbiomes among three gut locations. Z-scores were calculated to construct the heatmaps for showing the relative abundances of KEGG and CAZy subsystems in each sample. Tukey-Kramer post-hoc test was used for pairwise comparisons. Story's FDR was used to correct multiple comparisons[@b60]. All the tests were performed by using STAMP software[@b53].
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![Alpha- and beta-diversity comparison of the microbiomes of the jejunum, ileum and cecum.\
Analyses were performed on 16S rRNA V4 region data. Sample names are coded by breed (Lw, Laiwu breed), sampling site (Je, Jejunum; Il, Ileum; Ce, Cecum) and fat deposition status (Ob, high fatness; Le, low fatness). For example, LwIlOb represented the sample that was collected from the ileum of Laiwu pig with high fatness. The samples with the same Arabic numeral in the sample name were harvested from the same pig. (**A**) Alpha-diversity comparison based on shannon's diversity index, grouped by sampling site and fat deposition status (mean ± SEM). Compared to the ileum and jejunum, the cecum has the significantly higher microbial richness. (**B**) Unweighted UniFrac principal coordinate analysis by bacterial microbiota. The small intestine (ileum and jejunum) and cecum samples show clear separation (**C**) Bray-curtis cluster tree. The samples from the same gut location trend to cluster together.](srep27427-f1){#f1}

![Taxonomic profiles of the microbial communities of the jejunum, ileum and cecum derived from 16S rRNA gene sequencing data.\
(**A**) Microbial composition at the phylum level. Samples are represented along the horizontal axis, and relative abundance is denoted by the vertical axis. (**B**) Heatmap showing the 18 genera with significant differences of relative abundances among three gut locations. Heatmap is color-coded based on row z-scores.](srep27427-f2){#f2}

![Heatmap of gut luminal samples for bacterial species, CAZy function terms and KEGG subsystems from metagenomic sequencing data.\
(**A**) Heatmap depicts the relative abundances of the 21 bacterial species significantly enriched in jejunum, ileum and cecum. (**B**) Heatmap of CAZy functional terms that showed significantly different enrichments among jejunum, ileum and cecum. GH: Glycoside Hydrolase, GT: GlycosylTransferase, PL: Polysaccharide Lyase, CE: carbohydrate esterases, CBM: Carbohydrate-Binding Module. (**C**) Heatmap of KEGG subsystems significantly enriched in jejunum, ileum and cecum.](srep27427-f3){#f3}

![Comparison of functional capacities of the gut microbiomes between high and low fatness pigs.\
(**A**--**C**) show the comparisons of the relative abundances of CAZy functional terms between high and low fatness pigs in jejunum, ileum and cecum, respectively. GH: Glycoside Hydrolase, GT: GlycosylTransferase, PL: Polysaccharide Lyase, CE: carbohydrate esterases, CBM: Carbohydrate-Binding Module. (**D**--**F**) indicate the comparisons of the relative abundances of KEGG subsystems between high and low fatness pigs in jejunum, ileum and cecum.](srep27427-f4){#f4}

###### Summary of metagenomic sequencing data obtained in this study.

  ID        Raw data (Mbp)   Clean data (Mbp)   Contig number   N50 (bp)   ORF Number   Average length of ORF (bp)   Percentage of ORFs mapped to KEGG   Percentage of ORFs mapped to CAZy
  -------- ---------------- ------------------ --------------- ---------- ------------ ---------------------------- ----------------------------------- -----------------------------------
  LwJeOb        10,177            3,527            57.148        2,264      128,294               625.08                          39.85%                               1.90%
  LwJeLe        12,849            4,115            46,886        2,031      101,423               620.95                          39.59%                               1.69%
  LwIlOb        9,228             3,573            40,420        5,845       99,935               531.24                          25.80%                               1.11%
  LwIlLe        10,981            4,686            103,560       2,226      222,880               659.90                          38.48%                               2.23%
  LwCeOb        11,058            4,907            139,978       1,335      262,320               559.17                          33.74%                               1.46%
  LwCeLe        14,289            5,011            120,389       1,849      241,168               643.84                          41.64%                               2.46%

[^1]: These authors contributed equally to this work.
